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Abstract—   The characteristics of a natural vacuum solar 
desalination unit is studied. A prototype of natural vacuum solar 
desalination consists of solar collector, evaporator and condenser 
as the main components has been designed and fabricated. The 
collected heat in the 3 m2 solar collector is transferred into the 
evaporator using a transfer fluid system flowed by a pump 
powered by solar cell. The objective is to explore the 
characteristics of fresh water production of the natural vacuum 
solar desalination. The prototype is tested by exposing the unit to 
solar irradiance on a top roof of a building in Medan city of 
Indonesia. The experiments are carried out from 8.00 WIB to 
16.00 WIB local time. The results show that the prototype can 
produce fresh water from 0.87 liters to 1.47 liters per day. The 
characteristics of fresh water production rate can be divided into 
five different periods. The first period is initial period or the 
period without fresh water production. The second period is first 
rising rate, where the main driving force for desalination is solar 
irradiation. The third period is constant production rate. The 
fourth period is second rising production rate, where the main 
driving force for desalination is ambient temperature. And the 
final period is falling production rate. The thermal efficiency of 
the system is relatively low which varies between 6.95% and 
8.69%. Those facts suggest that the present prototype is far from 
efficient. Thus, several modifications are needed to improve the 
performance of the system. 
 
Index Term— Solar Energy; Desalination; Natural Vacuum; 
Seawater 
I. INTRODUCTION 
Industrialization, life standard and depletion of natural 
resources make the demand of fresh water increasing 
significantly. United Nation Organization predicts that by the 
year of 2025, almost 1800 million people around the world 
will be under terrible water scarcity [1]. The most potential 
solution to this problem is desalination of seawater 
technologies. The desalination system is not a new technology 
for human being. Nowadays, desalinations have been done in 
many regions of the world to meet their need on fresh water. 
Those include countries in the Middle East, Arabic countries, 
North America, some of Asian countries, Europe, Africa, 
Central America, South America and Australia [2]. Several 
methodologies of desalination such as multi-stage flash, multi-
effects distillation, vapor compression, reversal osmosis, and 
electro-dialysis are already available in practical uses. The 
conventional desalination systems that now in services are 
mainly powered by fossil fuel. Kalogirou reported that about 
10,000 ton of fossil fuel is burned to power desalination 
systems in the world in a year [3]. 
 Those facts motivate researchers to carry out research on 
sustainable desalination systems. The sustainable desalination 
system must meet the need for using fossil fuel more efficient 
or can be powered by renewable energy resources or waste 
heat [4]. The renewable energy resources that commonly used 
to power desalination system are solar energy, wind power, 
and geothermal energy. Among those, solar energy is the most 
used. According to study by Eltawil et al., it is up to 57%. It is 
predicted that, desalination system powered by solar energy, 
here after named as solar desalination, will be more popular in 
the future. In order to develop the sustainable desalination 
systems, even the countries that known biggest fossil fuel 
producers such as Saudi Arabia are enhancing the use of solar 
energy to power their desalination systems. The innovations on 
desalination system powered by renewable energies and waste 
heat have been reported by several researchers. Gude et al. 
reported a feasibility study of a new two-stage low temperature 
desalination [5]. The results revealed that the two-stages 
desalination process has potential for standalone small to large 
scale applications in water and energy scarce rural areas. It 
was revealed that the specific energy consumption of the 
system was 15000 kJ/kg of fresh water. The cost will be less 
than $ 7 per m
3
 fresh water, if it is operated by solar energy. A 
system that combines multi effect distillation desalination with 
a supercritical organic Rankine Cycle and an ejector has been 
proposed by Li et al.[6]. The proposed system works like a 
combined heat, power and condensation. The thermal 
performance of the system was analyzed theoretically using an 
engineering equation solver program. The results revealed that 
the overall exergy efficiency close to 40% for salt 
concentration of 35 g/kg using a low temperature heat source 
of 150
o
C.     
 An exergy analytical study on the performance of a new 
combined vacuum desalination and power system as a heat 
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recovery reported by Araghi et al. [7]. The system was claimed 
can be operated on waste heat and an organic working fluid. 
The results showed that the overall performance of the 
introduced system was comparable with the discharge thermal 
energy combined desalination system utilizing ammonia 
mixture. However in term of desalination, the proposed system 
produces more fresh water. An experimental study on water 
separation process in a lab scale novel spray flash vacuum 
evaporator by using a heat-pipe (HP) reported by Gao et al. 
[8]. Cold source and heat source temperatures, spray 
temperature, and spray flow are used in the parametric studies. 
On the evaporator bland plate, a maximum heat flux density of 
32 W/cm
2
 can be achieved. The heat-pipe absorbs energy 
effectively from low grade heat source then transfer the energy 
to the droplets already flashed, so as to maintain or even 
increase the superheat degree of droplets during the 
evaporation process. Fresh water yield was affected by the heat 
source temperature. The higher heat source temperature is the 
more heat that droplets can obtain and the faster evaporation 
process will be. Another important factor of fresh water yield 
is cooling water temperature. Experimental study on a pilot 
plant of direct contact membrane distillation (DCMD) driven 
by low grade waste heat: membrane fouling and energy 
assessment reported by Dow et al.[9]. The pilot desalination 
unit was located at a gas fired power station which provided 
the heat source with temperature lower than 40
o
C and waste 
water to the DCMD system with 0.67 m
2
 of membrane area. 
Based on the available energy for a continuously operating 500 
MW (electric power) rated power station, the treatment 
potential was estimated at up to 8000 kilo liter/day.  
 Study on the comparison of a boosted multi-effect 
distillation (MED) for sensible low-grade heat source with 
feed pre-heating multi-effect distillation has been reported by 
Christ et al. [10]. It was revealed that for most operational 
conditions germane to sensible waste heat source and 
renewable energies, the boosted MED system offers both 
thermodynamic and economic superior performances, 
especially when low heating media temperatures prevail. Gude 
et al. [11] reviewed the energy storage options for different 
desalination technologies using various renewable energy and 
waste heat source. The focus of the review was on the thermal 
energy storage system. Bundschuh et al. [12] evaluated the 
potency and suitability of different types and low-cost low-
enthalpy (50-150
o
C) geothermal heat sources for water 
desalination. It was suggested that geothermal option is 
superior to the solar option if low-cost geothermal option is 
available because it provides a constant heat source in contrast 
to solar. Ciocolanti et al. [13] compared different operation 
modes of a single effect thermal desalination plant using waste 
heat from micro Combined Heat and Power experimentally. 
The plant can be operated both in batch and in continuous 
operation modes. The desalination unit consists of a 1 kWe 
Stirling engine coupled with a single effect thermal 
desalination plant for the simultaneous production of 
electricity and > 150 L/day of fresh water.   
 Those studies are focused on the multi-effect distillation and 
the combination with power system. Another interesting 
method that can be used in the desalination system is natural 
vacuum desalination. Several studies on natural vacuum 
desalination system have been found in literature. In the 
system the seawater is placed in a container which is 
vacuumed naturally by using the gravity of the water. The 
vacuum system advantage is that a low grade heat source such 
as solar energy can be used efficiently. The research on 
preliminary experimental and theoretical analysis of a natural 
vacuum water desalination system using low-grade solar heat 
has been reported by Al-Kharabsheh and Goswani [14]. The 
effects of several various operating conditions were 
investigated. The simulation in Gainesville, Florida showed 
that the daily output from a system of 1 m
2
 of evaporator area 
with 1 m
2
 of solar collector area could reach 6.5 kg of fresh 
water. A study on vacuum desalination system coupled with 
solar collector of 18 m
2 
and thermal energy storage with a 
volume of 3 m
3
 was reported by Gude et al.[15]. The proposed 
desalination unit is capable of producing 100 L/day fresh 
water. Gude and Nirmalakandan [5] use the same solar 
desalination system and combined it with a solar-assisted air-
conditioning system. The results showed that cooling capacity 
of 3.25 kW and distillate yield of 4.5 kg/hour can be obtained. 
The modified natural vacuum with flash desalination system 
operation using in single stage mode and two stage mode has 
also been investigated [16]. With a solar collector of 1 m
2
 area, 
the proposed system produces nearly 5.54 kg and 8.66 kg of 
distillate while operating in single stage and two stage modes 
with a performance ratio of 0.748 and 1.35, respectively. A 
natural vacuum desalination that consists of evaporator column 
exposed to solar radiation and shaded condenser column has 
been proposed by Ayhan and Al-Madani [17]. Here a vapor 
from evaporator to condenser was moved by the blower. 
Ambarita [18] employed an electric heater to simulate solar 
energy at a constant temperature heat source in a natural 
vacuum desalination unit. Ambarita et al. reported a simulation 
study on a natural vacuum desalination unit with variable heat 
source of the same system as in the previous study. Recently, 
Setyawan et al. [19] modified the form of the evaporator into 
square form and reported a preliminary field test of a natural 
vacuum solar desalination unit. In addition, the evaporator was 
not insulated. Thus, the fresh water production was very low.     
 Those reviewed studies showed that investigation of natural 
vacuum solar desalination system has come under scrutiny. 
However, focus of those studies lies on the performance of the 
natural vacuum solar desalination system where the heat 
supply unit was replaced by artificial solar energy. In addition, 
research methodology used in those studies is numerical 
approach. In other words, study on the natural vacuum solar 
desalination unit tested in the real field by exposing directly to 
the sun is very limited. In this paper, the performance of a 
natural vacuum solar desalination is studied experimentally. 
Here, the natural vacuum desalination unit is tested in the real 
condition by exposing it to solar irradiance. The main 
objective is to explore the operational characteristics of the 
natural vacuum desalination system when it is exposed to the 
solar irradiation. The tests are carried out for several sunny 
days. The results of the present study are expected to supply 
                         International Journal of Mechanical & Mechatronics Engineering IJMME-IJENS Vol:18 No:05                          23 
 
I J E N S
                                                            IJENS                  2018 OctoberIJENS © -IJMME-7676-1805-401805                                                                                                                  
 
the necessary information in the developing high performance 
solar desalination system. 
II. EXPERIMENTAL APPARATUS AND METHODS 
In this study, numerical and experimental works are carried 
out. A prototype of natural vacuum solar desalination unit has 
been designed and fabricated. Figure 1 shows the schematic 
diagram and photograph of the system. It consists of 
evaporator, condenser, seawater tank, fresh water tank, saline 
water tank, and solar collector. The evaporator is made of 
cylindrical stainless steel 304 with diameter, height and 
thickness of 0.8 m, 20 cm, and 5 mm, respectively. The upper 
part of the evaporator covered with conical with height of 40 
cm. In order to decrease the heat loss to the ambient, the 
evaporator covered by insulation made of rockwool with 
thickness of 5 cm. The heat from solar collector is injected into 
the evaporator by using transfer fluid flows inside a heating 
coil tube. It is made of copper with diameter and length of 2.1 
cm and 2.4 m, respectively.            
 The condenser of the system is a heat exchanger made of 
stainless steel 304. It is a horizontal circular tube with circular 
fins with a thickness of 2.54 mm. The inside diameter and the 
length of the condenser is 100 mm and 500 mm, respectively. 
The number of fin is 10 fins with a diameter and thickness of 
254 mm and 0.6 mm, respectively. The space between fins is 
40 mm. The condenser and the evaporator are connected by 
using a flange with a diameter and thickness of 128 mm and 15 
mm, respectively. The used solar collector is flat plate type 
with double glass covers. It consists of two similar solar 
collectors arrange in series. The dimension of each collector is 
1 m of wide and 1.5 m of length. Thus, the total collector area 
is 3 m
2
. In this study, water is used as a transfer fluid to 
transfer the heat from the solar collector to the evaporator. As 
a note, the specific different of the present natural vacuum 
desalination is the use of photovoltaic to power a pump. The 
pump is employed to flow the transfer fluid in order to bring 
the heat from solar collector to the evaporator. In this study, 
the maximum power and collector area of the photovoltaic are 
100 Wp and 1196 mm   541 mm, respectively. In order to 
provide heat recovery, the pipe where fresh water flows in to 
evaporator and the pipe where the brine drawn from the 
evaporator connected to an annular type heat exchanger as 
shown in the schematic diagram of Figure 1.    
In every experiment, at the beginning, the system must be 
vacuumed. Firstly, all of the components of the system 
(evaporator, tube-in-tube heat exchanger and condenser) are 
filled with seawater. As a note, the evaporator, condenser and 
solar collector of the system are located at a position 10.3 m 
above the seawater, brine and fresh water tanks. To create the 
vacuum in the system, each valve in the feeder pipes (pipe in 
the heat exchanger) is opened. Thus, the seawater in the 
evaporator will fall down due to the gravitational force. As a 
result, a vacuum chamber in the evaporator will be present. 
Thus, the experiment can be started.  
The process of vacuum desalination in the system can be 
explained as follows. The solar collectors absorb the solar 
irradiation and the temperature increasing. This heats the 
transfer fluid inside the pipe. At the same time, photovoltaic 
receives the solar irradiation and converts it into electricity. 
The resulted electricity is used to powers the pump and it 
circulates the transfer fluid. Thus, the heated transfer fluid in 
the solar collectors is flowed into the evaporator by the pump. 
In the evaporator, the hot transfer fluid will heat the seawater 
in the evaporator. As a result, the seawater temperature in the 
evaporator will increase. Since the pressure in the evaporator is 
below the atmosphere or below the saturation pressure, the 
fresh water will evaporate from the seawater a rate of  ̇  
[m
3
/s]. The resulted vapor will naturally flow to the condenser. 
Since the temperature of the condenser wall is lower, the vapor 
will be condensed in the condenser. This results in fresh water 
as the main product. The evaporation process makes salinity of 
seawater in the evaporator increases. The increasing salinity of 
seawater will decrease the evaporation rate in the evaporator or 
the freshwater production rate will be dropped. To avoid this, 
the high concentration of saline water in the evaporator (brine 
water) is withdrawn with a rate of  ̇  [m
3
/s]. The flow out of 
the brine from the evaporator makes the pressure in the 
evaporator close to vacuum. Since the pressure in the 
evaporator close to vacuum, the seawater in the tank will be 
drawn and flows into the evaporator. The volume rate of the 




                         International Journal of Mechanical & Mechatronics Engineering IJMME-IJENS Vol:18 No:05                          24 
 
I J E N S




Fig. 1. The photograph and schematic diagram of the natural vacuum 
desalination system 
 
In order to provide data for analysis, two data acquisition 
systems are also designed and installed to the experimental 
apparatus. The first datalogger is a multi-channel Agilent 
34972, it is employed to record temperatures with an interval 
of 1 minute. Temperatures on the system are measured by 
using J-type thermocouples with uncertainly equal to 0.1
o
C. 
There are 20 thermocouples are used. Those thermocouples are 
placed as follows: four thermocouples placed in the 
evaporator, four in the condenser, four in the heat exchanger 
and the rests in pipe and water containers. The second 
datalogger is HOBO micro station which is utilized to record 
weather condition during experiments. Solar radiation is 
measured using HOBO pyranometer smart sensor. The 
ambient temperature and relative humidity (RH) are measured 
using HOBO temperature RH smart sensor with an accuracy of 
0.2
o
C and  2.5% RH, respectively. The wind speed around 
the experimental apparatus is measured with HOBO wind 
speed smart sensor with accuracy  1.1 m/s.  
 
2.1 Analysis of the natural vacuum desalination  
In order to examine the evaporation rate in the evaporator, 
temperature of the seawater inside the evaporator is needed. In 
the experiment, it is difficult to install measurement apparatus 
to measure seawater temperature inside the evaporator. In the 
present experiment, there is no measurement apparatus is used 
to measure the temperature of the seawater in the evaporator. 
To overcome the absence of the inner temperature of the 
seawater in the evaporator, numerical method is developed. In 
the numerical method, the governing equations are developed 
as follows. In the evaporator, the mass conservation leads to: 
 
  eewwiis VVVV
dt
d                         (1) 
 
Where   [m3] and   [kg/m3] is the volume and density of the 
seawater in the evaporator, respectively. The subscripts of s , 
i , and   stand for seawater, injected, and evaporation, 
respectively. The saline conservation in the evaporator can be 
written in the following equation: 
 
      wsiis VCVCCV
dt
d                             (2) 
 
In the above equation,   [%] is the solute concentration. If the 
temperature of the sea water in the evaporator is assumed to be 
uniform, the conservation of energy yield to equation (3).  
 




d                 (3) 
 
where,  ̇   [Watt] and    [J/kgK] is the heat transfer rate from 
heater and specific heat capacity, respectively.  
As mentioned in the previous section, the solar energy 
from the solar collector is transferred to the evaporator using 
water as a transfer fluid. The transfer fluid is flowed inside 
pipe. In the evaporator, the pipe is submerged in the seawater 
horizontally. The mechanism of heat transfer between the 
transfer fluid and seawater in the evaporator can be divided 
into forced convection inside the pipe, conduction in the pipe 
wall and natural convection on the outer surface. Since the 
thermal resistance on the outer surface is way bigger than 
thermal resistance on the inner surface and the wall, it is 
assumed that the temperature of the pipe wall and transfer fluid 
is similar. Thus, only the natural convection on the outer 
surface of the pipe is taken into account. Thus, the heat input 
from the fluid in the pipe to the seawater in the evaporator can 







NuQ                  (4)   
where   [m],     ,      , and      is the diameter, surface 
area, Nusselt number, and surface temperature of the heater, 
respectively. 
 The following equations are used to determine the energy 
needed for evaporation the seawater in the evaporator.  
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fgee hVQ
                                            (5) 
 
Where     [J/kg] is the latent heat evaporation of the 
seawater. In the present study, the evaporator is divided into 
bottom, side wall and top wall. Heat capacity of evaporator 
materials is taken into account. The energy conservation in the 
bottom plate of the evaporator gives:  
 

















 ,,                   (6) 
 
where the subscript   and   refer to bottom of the evaporator 
and ambient air, respectively. While, the subscript   and   refer 
to inside and outside surfaces of the evaporator, respectively. 
And   is the characteristic length of the surface. The Nusselt 
numbers on the inside surface (
ibNu , ) and outside ( obNu , ) 
are calculated by equation proposed by Incropera et al. (2006) 
and Lioyd and Sparrow (1970), respectively. 
 The following equations are used to determine energy 
conservation to the side walls: 
 

















 ,,               (7) 
 
where the subscript   refers to side wall of the evaporator. The 
parameter 
odN , is the Nusselt number on outer surface of the 
wall. Application of energy conservation to the top wall of the 
evaporator gives:     
 

















 ,,                  (8) 
 
where the subscript   refers to top wall. As a note, the fluid in 
the inside of the top wall is water vapor (shown by subscript  ) 
at a pressure close to vacuum.  
In the condenser analysis, several assumptions are made. It 
is assumed all of vapor at temperature of    is condensed into 
fresh water at temperature    which is equal to condenser 
inside temperature of the (    ). The inside temperature of the 
condenser is strongly affected by ambient temperature. The 


















                                (9) 
where the subscript   refers to condenser and   is the radius of 
the condenser. The modified latent heat of condensation    
  
[J/kg] is given by Rohsenow et al. (1985).  
 
)(68.0* fspffgfg TTchh                              (10) 
To calculate the temperature of the outer surface of the 
condenser heat transfer rate is used from the condenser surface 
 
  acobasecofsidesfcoftipftipcoc TTAhNAhNAhQ   ,,,       (11) 
 
Where  ̇  is heat transfer rate from the condenser. The 
subscript  ,    , and      refer to fin, tip surface, and base 
surface of the condenser.  
 In the heat exchanger, the feed seawater is heated before 
entering the evaporator. Temperature of the seawater entering 















                          (12) 
where the subscript   and min refer to initial condition of the 
seawater and minimum value of heat capacity of the fluid 
stream, respectively.  
 The following equation is used to calculate the rate of 
evaporation between two places where one contains seawater 
and other fresh water (Bemporad, 1995). 
 
































                   (13) 
 
Where  ̇  [m
3
/s] and      [m
2
] is volume evaporation rate and 




] is an 
empirical coefficient which is developed from experiments. 
Al-Kharabsheh and Goswani (2004) suggested the following 
value.  
 
67 1010   m                                   (14)  
 
Several experimental data and calculations have been made to 
determine an appropriate value of   . The value of    9 
      is suitable for the present experiments and simulation. 
Thus, this value will be used for all simulations (Ambarita, 
2016). Vapor pressure   [Pa] as a function of temperature is 
given by Al-Kharabsheh and Goswani (2003) : 
 
   )273ln(2558.6)273(6.7139042.63exp100  TTTP (15) 
 
The correction factor of      is calculated using the following 
equation:  
CCf 0054.01)(                                     (16) 
 
2.2. Solar Irradiance  
In order to provide theoretical solar irradiance, numerical 
analysis is also developed. The total heat collected from the 





rad dtIQ                                          (17) 
 
where     and     are time at sunrise and time at sunset at the 
solar collector, respectively. Solar irradiance I [W/m
2
] is the 
data collected from measurement of HOBO micro station data 
logger. The following equation is used to calculate the clear 
sky radiation at the location.   
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 bbzontot GG  294,0271,0cos                            (18) 
 
where    ,   , and    are extraterrestrial radiation, zenith 
angle, and the atmospheric transmittance for beam radiation, 
respectively. The zenith angle is given by the following 
equation: 
 sinsincoscoscoscos z                           (19)  
where  3o34' is used as the latitude in at Medan city,   is 
declination angle depends on the day of experiment, and   is 
hour angle. The declination angle is calculated using the 













                                (20) 
 
where   is the number of day. The hour angle is calculated  
by:  
 
   
60
15
1215  STDSTSTD                               (21) 
 
where     and    are the standard time and solar time, 
respectively. The solar time is calculated by: 
 
  ELLSTDST locst  4                                    (22) 
 
where     is the standard meridian for the local time zone of 
Medan and      is longitude of the location. The parameter   
is the equation of time and it is calculated by the following 
equation.      
 
BBBBE 2sin04089,02cos014615,0sin032077,0cos001868,0000075,0(2,229 
     (23) 
 




)1(  nB                                (24) 
 

















                             (25) 
 
For Medan city, the constants in the above equation are 
calculated using the following equations.    
 
  20 600821.04237.095.0 Aa                      (26) 
  21 5.600595.05055.098.0 Aa                             (27) 
  25.201858.02711.002.1 Ak               (28) 
The experiments are carried out at altitude of   0,02 km.   
In this study, the effect of temperature and concentration of 
solute to the seawater properties are taken into account. The 
nature of fluid transport is treated as a function of temperature 
and for seawater. The equations suggested by Sharqawy et al. 
(2010) are used to calculate transport properties of seawater. 
The density of sea water is calculated by equations (Bromley 
et al. 1970).   
 
2.3. Performance parameters    
 In this study, the performance is examined using two 
parameters. The first parameter is the amount of fresh water 
produced calculated by using the following equation, with the 
goal of natural vacuum desalination is to produce fresh water 











  [m3] and endt [s] is the total volume of the fresh 
water produced and time at the end of experiment/calculation. 
The thermal efficiency defined as the ratio of energy useful to 




















                     (30) 
 
III. RESULTS AND DISCUSSIONS 
 
In this study, the experiments have been carried out in 
Mechanical Engineering building, Universitas Sumatera Utara, 
at Medan city of Indonesia. The location of the experiment is 
at coordinate 3
o
34' North and 98
o
40' East. The experiments 
have done during July 2017. Here, five days of experiments 
are discussed. Every experiment starts from 8.00 WIB and 
finishes at 16.00 WIB. Here, WIB is the local time in the 
experimental place. 
 
1.1  Solar Irradiance       
Figure 2 shows solar irradiance during experiments. In the 
figure, both measurement and clear sky irradiances are 
presented. The measured solar irradiance is shown by blue 
circle marks and the clear sky radiation shown by red line. In 
the first day of experiment, shown in Figure 2a, the 
measurements are far below the clear sky radiation. This fact 
reveals that in the first day of experiment the weather 
condition was cloudy. Even though the sky was cloudy, it can 
be seen that by noon, the solar irradiance increases as time 
increasing. In the afternoon, the solar irradiance decreases with 
increasing time. The measurement shows that, the minimum, 





, and 304.79 W/m
2
, respectively. By using 
equation (17), the total solar energy collected in the solar 
collector during the first day of experiment is 26.4 MJ. The 
second day of experiment shows a better solar irradiance. In 
the second day of experiment, solar irradiance is quite close to 
theoretical clear sky radiation. The minimum, maximum, and 
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, respectively. In addition, the total collected solar 
energy was 39.73 MJ. This fact shows that the solar irradiance 




Fig. 2. Solar Irradiance during experiments  
 
The characteristics of solar irradiance during five days of 
experiment are shown in Table 1. The table shows the 
minimum, maximum and averaged solar irradiances. Total 
collected solar energy by the solar collector is also shown in 
the table. The solar energy varies from 26.40 MJ to 39.84 MJ. 
The first day shows the lowest collected solar energy and the 
fourth day shows the highest. 
 








Min Max Averaged 
Day 1 100.6 721.9 304.97 26.40 
Day 2 111.9 759.4 452.01 39.72 
Day 3 134.4 724.4 426.72 36.93 
Day 4 114.4 695.6 460.16 39.84 
Day 5 190.6 795.6 454.38 39.33 
 
1.2 Solar Collector  
The solar irradiance heats the plate of the solar collector 
and the heat energy from the plate is transferred into the 
transfer fluid inside the pipe. Figure 3 shows temperatures 
history on the solar collector. They are temperature of the 
collector plate, temperature of the transfer fluid entering the 
collector, temperature of the fluid leaving from the collector 
and temperature of the top cover. The figure shows that the 
maximum temperature on the collector plate can reach a value 
over than 100
o
C. During the experiments the highest 
maximum temperature of the collector plate is 115.7
o
C, it is 
captured at Day 4. On the other hand, the lowest is 101.7
o
C, it 
is captured at Day 1. The maximum temperature of the 







C, respectively. In order to make a better 
analysis, the temperature of the plate during experiments are 
averaged. The average temperatures of the plate of solar 





C, respectively. Furthermore, the average temperatures at 







respectively. Considering the solar energy radiation during 
experiment, shown in Table 1, these facts suggest that the 
higher solar energy radiation results in a higher temperature on 
the collector plate. The low solar energy radiation results in 
low temperature on the collector plate. The solar energy 
radiation on the plate at Day 2, Day 4, and Day 5 are above 39 
MJ. These result in average temperature on the pate more than 
80
o
C. In contrast, the average temperature on the collector 
plate at Day 1 and Day 3 is lower than 80
o
C. This is because 
the solar energy radiation on the plate collector is lower than 
39 MJ. 
The solar collector collects solar energy and it is used to 
heat the transfer fluid before it sent to the evaporator. Figure 3 
also shows the temperature of the transfer fluid entering and 
leaving from the solar collector. It can be seen that the 
temperature of the fluid leaving from the collector is higher 
than temperature of the fluid entering the collector. In the first 
day, shown by Figure 3a, the average temperature of the 





C, respectively. This suggests that the solar 
collector successfully heats the transfer fluid in order of 
10.4
o
C. In the second day of experiment the average 
temperature of the transfer fluid entering and leaving from the 




C, respectively. This fact 
reveals that the solar collector heats the transfer fluid in order 
of 22.7
o
C. In the fourth day of experiments the solar collector 





C. This reveals that the increasing average temperature 
is 21.5
o
C. While in the fifth day of experiment, the average 
temperature of the transfer fluid at the inlet and outlet of the 




C, respectively. In other 
words, the temperature difference of the transfer fluid entering 
and leaving the solar collector is 21.9
o
C. In the third day of 
experiment, the graph is not shown in the figure, the average 
temperature of the transfer fluid when entering the solar 





respectively. Thus, the average temperature difference is 16
o
C. 
These facts reveal that the highest temperature difference of 
the transfer fluid resulted by the solar collector is 22.7
o
C (Day 
4) and followed by 21.9
o
C (Day 5) and 21.5
o
C (Day 2). On the 
other hand, the lowest is 10.4
o
C (Day 1) and followed by 16
o
C 
(Day 3). This fact is comparable to the solar energy radiation 
discussed in Table 1.              
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Fig. 3. Temperature of the solar collector during experiments 
 
Figure 4 shows the heat loss from the solar collector during 
experiments. In the figure, only four days of experiments are 
presented. In can be seen that all graphs reveal the similar 
trend with the temperature of plate of the solar collector, as 
shown in Figure 3. The high temperature of the plate results in 
high heat loss. This is because the heat loss comparable to the 
temperature difference of collector plate and ambient. The 
figure suggests that the highest heat loss from the collector is 
from the top cover of the collector. The heat loss from the top 
cover is around 70% to 85% of the total heat loss. In the 
present solar collector, the top part of the collector is made of a 
double glass cover with a distance of 5 cm. It is suggested to 
further examine the effectiveness of the top cover in reducing 
the heat loss to the surrounding.    
     
 
 
Fig. 4. Heat loss from the solar collector during experiments 
 
1.3 Evaporator  
Figure 5 shows temperature of the evaporator during 
experiments. The evaporator temperature is represented by 
wall temperature and the bottom temperature. In addition, 
temperatures of the transfer fluid entering and leaving the 
evaporator are also shown. The seawater temperature which is 
resulted from numerical analysis is shown in the figure by 
solid black line. In can be seen in the figure that temperature of 
the seawater inside the evaporator is between the temperature 
of the evaporator wall and the temperature of the transfer fluid. 
And it strongly affected by temperature of the transfer fluid 
entering the evaporator. This is because the seawater is heated 
by the transfer fluid. The figure shows that all temperatures 
increase as time increases. However, after 14.00 WIB the 
temperatures decrease as time increases. This is because the 
temperature of the transfer fluid decreases as solar irradiance 
decreases. As a note, the driving force of evaporation rate 
consists of the temperature of seawater inside the evaporator 
and temperature of the condenser. The production rate of the 
solar desalination is affected by seawater temperature. The 
figure shows that the seawater temperature in the evaporator 
increase gradually from its lower value in the beginning of 
experiment. The transfer fluid brings solar energy from solar 
collector and releases the energy into the seawater. This fact 
suggests that the solar collector successfully collect the solar 
energy and transferring it into the seawater inside the 
evaporator. Since the temperature of the seawater increases, 
the evaporation will occur.    
To perform the analysis, the temperature history of the 
evaporator is averaged and the results are presented in Table 2. 
In the table, the average temperatures of the transfer fluid 
entering and leaving the evaporator also the temperature 
difference are shown. In addition, the average temperatures on 
the bottom, sidewall, and seawater are also shown. It can be 
seen that the average temperature of the transfer fluid entering 









C, respectively. The average 





C. This temperature difference shows the 
amount of the energy released in the evaporator to perform 
desalination. The lowest temperature difference of the transfer 
fluid is shown by Day 1, it is only 21.6
o
C. This is because the 
solar energy radiation during the first day of experiment is 
very low. According to Table 1, the solar energy in the first 
day of experiment is 26.40 MJ or it is the lowest in comparison 
with other days of experiments. On the other hand, the highest 
solar radiation is captured in the Day 4. As a result, the 
maximum temperature difference in the evaporator is also 
shown by Day 4, it is 25.80
0
C. In addition, the highest and the 
lowest average seawater temperatures in the evaporator are 
53.15
0
C (Day 1) and 54.92
0
C (Day 4), respectively. This fact 
suggests that solar irradiance strongly affect the temperature of 
the seawater inside the evaporator.     
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Fig. 5. Temperature of the evaporator during experiments 
 
Table 2 Average temperature of the evaporator  
Exper
iment 








Day 1 60.640C 39.020C 21.610C 38.800C 43.830C 53.150C 
Day 2 70.020C 44.680C 25.330C 43.170C 49.930C 53.700C 
Day 3 63.750C 40.570C 23.170C 38.530C 45.430C 53.700C 
Day 4 69.750C 43.950C 25.800C 42.170C 49.410C 54.920C 
Day 5 68.060C 42.540C 25.530C 40.480C 49.150C 56.230C 
 
The average temperature of the seawater in the evaporator 
is higher than ambient temperature. Since the temperature of 
the evaporator is higher than ambient, some heat will also 
release to ambient as heat loss. In addition, the energy for 
evaporation is also drawn from the seawater. Thus, the heat 
capacity of the seawater will decrease to provide energy for 
evaporation and heat loss to the ambient. The heat loss from 
evaporator to the ambient is shown in Figure 6. The figure 
shows that the rate of heat loss from the top, bottom, and 
sidewall of the evaporator are almost similar. It can be seen 
that the rate of heat loss increases with increasing time. 
However, after 14.00 WIB, it decreases with increasing time. 
This is because, the solar irradiance decrease and temperature 
of the evaporator decrease significantly due to high 
evaporation rate.   
 
 
Fig. 6. Heat Loss from the evaporator during experiments 
 
1.4 Condenser    
The vapor resulted by evaporation process will flow into 
the condenser. In the condenser it will be condensed on the 
condenser wall and results in fresh water. The rate of the 
condensation is affected by the temperature of the condenser 
wall. Figure 7 shows temperature history of the wall 
temperature, fin temperature of the condenser, and ambient 
temperature during the experiments. The figure shows that the 
maximum temperature on the condenser wall can reaching a 
value over than 45
o
C, except during Day 1. Temperature of the 
condenser is relatively higher than ambient temperature. This 
suggests that the ambient air can cool the condenser and 
absorb the heat of condensation. In other words, the 
condensation energy from the vapor is absorbed by the 




Fig. 7. Temperature of the condenser during experiments 
 
1.5 Fresh water Production rate     
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The main objective of the natural vacuum solar 
desalination to produce fresh water from the seawater. Figure 8 
shows the history of fresh water production rate during 
experiments. In the figure the solar irradiance is also shown. 
The figure shows that the production of fresh water starting at 
around 10.00 WIB and it depends of the solar irradiation. In 
the first day of experiment it starts at 10.00 WIB, but in the 
second day it starts earlier, it is at 9.36 WIB. This is because 
the solar irradiance in the first day is higher than in the second 
day of experiment. After this, during 10.00 WIB to 12.00 
WIB, the fresh water production rate increases significantly. 
This is because temperature of the evaporator increases 
significantly. This fact reveals that during this time production 
rate is mainly forced by temperature of the seawater. During 
12.00 WIB to 14.00 WIB, the production rate tends to be 
constant. This is because the solar irradiance is high but the 
ambient temperature is also high, reaching its maximum value. 
Furthermore, during 14.00 WIB to 15.00 WIB, the solar 
irradiance is still high but ambient temperature start to 
decrease. Here, the fresh water production rate increases with 
increasing time. This is because the production rate is mainly 
driven by the low ambient temperature. It makes the 
temperature in the condenser wall lower and at the same time 
there is sufficient heat in the evaporator. After 15.00 WIB, 
ambient temperature decreases with time. However, the 
production rate also decreases. This is because solar irradiance 
also decreases significantly. This makes no enough energy can 
be provided by solar collector to overcome the heat 
evaporation.      
The above facts reveal that the characteristics of fresh 
water production rate can be divided into five different 
periods. The first period is initial period or the period without 
fresh water production. Typically, it is from the beginning 
until 10.00 WIB. Here, temperature of the evaporator is below 
the saturation temperature of the seawater. The second period 
is named as first rising rate. It is typically from 10.00 WIB to 
12.00 WIB. In this period the main driving force for 
desalination is temperature of the seawater in the evaporator. 
The third period is named as constant production rate, typically 
from 12.00 WIB to 14.00 WIB. The fourth period is named as 
second rising production rate, typically from 14.00 WIB to 
15.00 WIB. In this period the main driving force for 
desalination is ambient temperature. And the final period is 
falling production rate. Here the solar irradiance can’t provide 
sufficient energy for evaporation process. During these 
experiments, these periods strongly affected by weather 
conditions.  
The total fresh water production for all experiments are 
presented in Table 3. In the table the total fresh water 
production resulted from experiment and numerical are 
presented. In order to provide discussion, the average ambient 
temperature and total solar radiation for all experiments are 
also shown. It can be seen that the numerical and experimental 
results show a good agreement. The maximum discrepancy is 
only 9.99%. This fact reveals that numerical method predicts 
the fresh water production well. The results show that the fresh 
water production varies from 0.87 liters to 1.47 liters. It 
depends of the ambient temperature and total solar irradiation. 
The lowest total solar radiation is collected in the first day of 
experiment. Here, the lowest fresh water production is also 
captured. It is only 0.89 liters. The highest fresh water 
production is 1.47 liter and captured in the fourth day of 
experiment. In this experiment the total solar energy collected 
in the collector is 39.84 MJ. The total solar energy radiation in 
Day 2, Day 4, and Day 5 of experiments are almost similar. 
However, the total fresh water productions are different. This 
is because the ambient temperatures are also different. The 
higher ambient temperature result in the lower fresh water 
production. This fact confirms that the fresh water production 
of the natural vacuum solar desalination affected by seawater 
temperature in the evaporator and ambient temperature.  
      
Table III 
























Day 1 30.617 26.40 0.89 0.8 9.91% 7.94% 
Day 2 32.585 39.72 1.27 1.2 5.67% 7.53% 
Day 3 31.968 36.93 1.09 1.0 7.94% 6.95% 
Day 4 31.495 39.84 1.47 1.4 4.51% 8.69% 





Fig. 8. Fresh water production rate during experiments 
 
In order to examine the energy utilization of the present 
prototype of natural vacuum solar desalination, thermal 
efficiency of the system has been calculated by using equation 
(30). Thermal efficiency of the system during experiments is 
shown in the last column of Table 3. Data of the table shows 
that thermal efficiency of the system varies between 6.95% 
and 8.69%. The thermal efficiency of the present natural 
vacuum is very low. The results also show that there is no 
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strong correlation of solar irradiation and thermal efficiency of 
the system.   
Several researchers have carried out studies on the natural 
vacuum solar desalinations. In order to provide comparisons, 
results of the previous studies were presented in Table 4. The 
maximum total fresh water production of the present result 
was also presented in the table. The result of the present study 
is lower than previous studies. As a note, in the present study 
the solar collector area is 3 m2. The fresh water production 
varies between 2.05 liter per m2 in collector day [20] and 5.5 
liter per m2 in collector per day [16]. In those studies, 
however, the fresh water production resulted from numerical 
method instead of experimental one. This fact suggests that the 
present result is very low in comparison with those previous 
results. Therefore, several modifications are needed to improve 
the performance of the system. Overall, it can be seen that the 
highest water production of 100 l per day of Gude at al, used a 
solar collector with a size of 18m2, followed by a maximum of 
2 with a production of 5.54 l per day of water used Maroo's at 
al 1m2 solar collector. The third highest of the research results 
that have been carried out experimentally using 3m2 solar 
collectors were less than optimal because of the low intensity 
of the sun as shown in Figure 2. The calculation is higher than 
experimental because the weather is unpredictable, depending 
on the thickness of the cloud blocking, able to be penetrated by 
the sun or not, followed by No. 4 with the results of 1.2 l per 
day of water production that Ambarita has examined using an 
electric heater is considered not optimal because it has to pay 
electricity to run. Clean water production number 5 is 0.41 l 
per day using a solar collector with a size of 0.2 m2 research 
from Al-Kharabsheh at al. [14].  
 
Table IV 
















Analytical 100 L/day 
2 




































IV. CONCLUSIONS  
In this study, a prototype of natural vacuum solar 
desalination consists of solar collector, evaporator and 
condenser as the main components has been designed and 
fabricated. The prototype is tested by exposing it to solar 
irradiance on a top roof of a building at Medan city of 
Indonesia for five days. The experiments are carried out from 
8.00 WIB to 16.00 WIB local time. The conclusions of the 
present study are explained as following. The solar collector 
successfully collects the solar energy and transfer it into the 
seawater in the evaporator. The maximum temperature on the 










C. The characteristics of fresh 
water production rate can be divided into five different 
periods. The first period is initial period or the period without 
fresh water production. Typically, it is from the beginning 
until 10.00 WIB. Here, temperature of the evaporator is below 
the saturation temperature of the seawater. The second period 
is named as first rising rate. It is typically from 10.00 WIB to 
12.00 WIB. In this period the main driving force for 
desalination is temperature of the seawater in the evaporator. 
The third period is named as constant production rate, typically 
from 12.00 WIB to 14.00 WIB. The fourth period is named as 
second rising production rate, typically from 14.00 WIB to 
15.00 WIB. In this period the main driving force for 
desalination is ambient temperature. And the final period is 
falling production rate. The results show that the fresh water 
production varies from 0.87 liters to 1.47 liters. It depends of 
the ambient temperature and total solar irradiation. Thermal 
efficiency of the present system varies between 6.95% and 
8.69%. This fact suggests that the performance of the present 
system is very low. Thus, several modifications are needed to 
improve the performance of the system. 
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